We measure the desorption of anions stimulated by the impact of 0-20 eV electrons on highly- 
I. INTRODUCTION
Secondary electrons are the most abundant species generated by primary ionising radiation 1 and most of them have energies below 20 eV. 2 The ability of these low energy electrons (LEEs) to break chemical bonds in biological media and more particularly DNA has been intensively explored during the last decade. 3, 4 Plasmid DNA 5,6,7 short oligonuleotides 8, 9, 10, 11, 12, 13, 14, 15 , DNA sub-units (nucleobases, sugars, and phosphate) 16, 17, 18 have been the most studied targets.
LEEs can induce bond cleavage in condensed molecules by dissociative ionization and excitation or by dissociative electron attachment (DEA). In the case of DNA, DEA can lead to fragmentation of several sub-units, 19 single and double strand breaks, via phosphodiester C-O bond cleavage and bases release via rupture of the N-glycosidic bond. Below the ionization threshold, bond breakage results essentially from resonant electron attachment into an unfilled electron orbital, located at specific sites. The local transient anion thus formed can decay via DEA or autoionization. In the latter process, when the departing electron leaves the site in a dissociative electronically excited state, two or more reactive radicals are formed. The DEA channel usually results in the production of an anion and a radical. In condensed molecules, the dissociative channels are strongly influenced by the local environment and any chemical bonding of surrounding molecules. As a matter of fact, covalent bonding 20 and the presence of strong electric fields 21 can reduce the lifetime of electron resonance, which has a direct impact on the DEA channels.
As the first anion mass spectroscopy measurements performed on DNA films, Pan et al. 22 analyzed anions desorbing from linear DNA (40 base pairs), and supercoiled plasmid DNA upon LEE impact. They showed that the yield functions for the electron stimulated desorption (ESD)
of H¯, O¯, and OH¯ exhibit a single broad structure near 9 eV with a continuous rise at higher
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energy having an onset near 15 eV. The structure has been assigned to DEA, while the continuous rise corresponded to dipolar dissociation (DD). Comparing these results with those obtained on thymine, guanine and cytosine, the authors conclude that H¯ produced by DEA to DNA arises principally from the bases and with, possibly, a smaller contribution from the sugar ring of the backbone. O¯ was found to be produced from fragmentation of the phosphate group in the backbone, whereas OH¯ could partly arise from reactive scattering of O¯ produced at the phosphate group. Later, Ptasinska et al. 23 irradiated GCAT oligonucleotides tetramers with 3-15 eV electrons and analysed different anionic species (H¯, O¯/NH 2¯, OH¯, CN¯ and OCN¯) by ESD. The yield functions were compared with those obtained in the gas phase on isolated elementary components (bases, desoxyribose and phosphate groups). These authors mentioned that while some of the dissociating transient anions found in the gas phase are still present within the molecular solid of GCAT, others are likely suppressed; particularly at low energies, owing to the existence of chemical and/or hydrogen bonds within DNA or due to insufficient kinetic energy for the anions to leave the surface. They not only identified the sites and bonds involved in desorption, but also demonstrated site selectivity.
More recently, Dumont et al. 24 and Zheng and Sanche 25 units. These modifications, including inherent variation of the electric field close to DNA 20, 24 , could therefore reduce DNA damage.
The objective of the present work is to explore the specific features of the complex formed between plasmid DNA and 1,3-diaminopropane under LEE irradiation. The focus lies on the dissociative processes leading to the direct desorption of anionic species from DNA-diamine thin films or desorption following reactive scattering of the primary anion. We generate yield functions of anionic species desorbed from DNA-diamine thin films exposed to LEEs.
The DNA-diamine complexes may be considered as a first crude model system to mimic the DNA physiologic environment, more particularly the DNA-protein interaction; notably the highly alkaline proteins found in eukaryotic cell nuclei that pack and order the DNA into nucleosomes. DNA-diamine films have the advantage to be highly uniform in thickness and composition 26 . So, they constitute a well-defined environment to study ESD of anions from DNA under conditions closer to those of the cell. By correlating Atomic Force Microscopy (AFM)
images and X-ray photoelectron spectroscopy (XPS) spectra to ESD measurements, the present experiments also allow, for the first time, after more than a decade of investigations of DNA damage induced by LEEs, to describe accurately the effect of thickness in well-gauged DNA layers
II. MATERIALS AND METHODS

A. Chemicals and Materials.
Plasmid DNA (pUC21, 3151bp) at an initial concentration of 1mg/ml in water was obtained 
B. Target preparation
The DNA-diaminopropane thin films were deposited on graphite HOPG substrate using the protocol described extensively in a previous paper 26 Figure   3 were prepared using the very same protocol than the one presented above.
C. XPS and AFM characterization
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The morphology, composition and DNA/Diamine ratio of the deposits were characterized by AFM and XPS, respectively. The XPS measurements were performed in a UHV chamber at an operating pressure of 4 x 10 -10 Torr using a Perkin Elmer ESCA 4.0 XPS system equipped with a dual anode (Mg/A1) X-ray source (P=400 W, Physical Electronics, 04-548), a hemispherical electron energy analyzer (Physical Electronics, 10-360) and a channeltron detector. The X-ray beam was incident at 70° relative to the sample surface, and the hemispherical electron energy analyzer was positioned normal to the surface. The pass energy of the electron energy analyzer was set at 2.95 eV, which correspond to an XPS spectral resolution of E=0.76 eV. The optics of the spectrometer sees a maximum 6 mm diameter area (i.e. 28 mm 2 ) on the analyzed sample. The AFM images were obtained with a Molecular Imaging scanning probe microscope (Agilent, USA). The topography of the surface could be recorded in air, at standard temperature and pressure, with silicon nitride tips coated with aluminium (Nanoandmore) at a resonant frequency of 300 kHz in the tapping mode.
D. ESD Analysis:
The ESD system and the LEE-irradiation procedure have been described in details elsewhere 28. Briefly 
B Electron Stimulated Desorption
In our experiments, layers of Dap, supercoiled plasmid DNA and the [Dap-DNA] complex were deposited onto HOPG separately and exposed to LEEs in the exactly same conditions. In Figure   3 , we present the anion ESD data and corresponding AFM images of the targets. It should be noticed that it is not possible to spread uniform layers of only supercoiled DNA on HOPG using our soft-adsorption protocol; only sparsely adsorbed DNA plasmids can be imaged; as for Dap 
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Figure. 3 (a) 
Figure 4: The yield functions of (a) OH -, (b) O -/NH 2 -and (c) H -obtained from three DNA-Dap
2+ films with 4, 7 and 10 nm thicknesses and from a clean HOPG surface. In panel (b), two arrows indicate the special behaviour of the yield function observed when comparing the 7 nm to the 10 nm layer, where an inversion of the yields occurs from the resonance region (DEA) compared to the monotonically increasing region of DD. The lines through the data points serve only as a guide to the eye.
It appears from these measurements that the yields of H − and OH − near to the DEA structure are proportional to the film thickness, while those of 25 studied the effect of organic salts, namely the chemical buffer Tris-EDTA (TE), on strand break formation in DNA exposed to LEEs. In that study, a protective effect of TE on DNA was observed. It is noteworthy that within the TE buffer, the Tris molecule (2-amino-2-hydroxymethyl-1,3-propanediol) contains an amino group which is mainly ionised under neutral pH and therefore can interact with the anionic phosphate moieties along the DNA backbone. The authors attribute the observed protecting effect either to an electron transfer from the anionic sites of DNA to the Tris cation or to a proton transfer from Tris to DNA, which could contribute in reducing DNA
damage. An analogy with that latter pathway (proton transfer) we provide a mechanism to explain the abundant OH -ESD yields observed in the present work. To illustrate this phenomenon, we propose the following "TNI-Proton pair decay" mechanism ( Figure 5) we are prone to argue that the TNI lifetime must be greater than the time required for capturing a proton. The following reaction scheme describes this mechanism:
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C.-Composition of the films -XPS analysis.
In order to ascertain that the amount of Dap 2+ in the films is directly linked to the 2 O / NH − − yields, each sample was analyzed by XPS immediately after the ESD experiments.
Our deposits were always produced using a constant volume of DNA-Dap mixture (see section II. Materials and methods, B. Target preparation), which when deposited on HOPG lead to a circular smear (film) with a constant area of 8±1 mm diameter. When analyzing a sample by means of XPS, the whole area is irradiated but the optics of the spectrometer sees a maximum 6 mm diameter area (i.e. 28 mm 2 ). On the other hand, the LEE beam used in the ESD experiments has a cross-sectional area less than 4 mm 2 . In terms of irradiated surface, we have a 7-fold ratio between XPS and ESD so that when XPS is performed after an ESD experiment, most of the sample has not been damaged by ESD analysis. In addition, during the course of ESD experiments a 1.5 nA current was used so that the degradation of the sample cannot be considered as significant. On the other hand, this explains the noisy signals observed in the upper part of figure 3 . To perform the analysis of the composition of the films by XPS, nitrogen (1s) and phosphorous (2p3/2) peaks were analyzed precisely and their areas where measured after background subtraction. Figure 6 As HOPG is freshly cleaved prior to any experiment and graphite is hydrophobic, it is not surprising to find that the amount of water and contaminants is small, as seen from the spectra presented in Figure 6 . Phosphorous is found only in the composition of the DNA macromolecule
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whereas nitrogen is present in both DNA and Dap 2+ molecules. Using the known composition of our plasmid DNA (base pairing), it is possible to compute the exact ratio N/P of the plasmid in the target films, i.e., (N/P) DNA = 3.75. From the experimentally determined ratios, the number ξ of diamines (Dap 2+ ) per base pair is evaluated. One base pair corresponds to two phosphate groups that may each bind to one or two ammonium groups. As shown in Figure 1 .a, the binding of experiments indicating that sodium ions bind to the minor groove with weak affinity, whereas ammonium ion binding is somewhat stronger. More interesting here is the higher ratio ξ (diamines/bp) for the 7 nm thick sample in Table 2 , for which we observe higher resonance amplitude than for the thicker one, i.e., 10 nm (see Figure   4b , left arrow). A simple analysis of the ESD yields shows that there is a linear behaviour of the 2 O / NH − − yields versus the respective values of ξ. As for the OH − yields; a perfect linearity is observed versus film thickness (inset Figure 7) . As mentioned by Tougaard, 44 the composition estimated from an XPS peak area is found to be accurate within ~10-20% depending on the particular depth distribution of the atoms. 10-20% is consistent with a thickness or sampling depth < 3λ, where λ stands for the photoelectron Inelastic Mean Free Path (IMFP). Since anions have an IMFP much smaller than photoelectrons and LEEs, we can easily argue that due to the linearity observed in Figure 7 , the condition of a sampling depth < 3λ is met; thus a ±10% deviation appears as a reasonable estimate for the error in the results of Figure 7 . Our group is now investigating the production of well characterized layers of plasmid DNA with electrostatic linkers containing also oxygenated groups (carboxylic acid moiety), in addition to the amino moieties, in order to get closer to the structure of basic amino acids present in the chromosomal matrix.
